Thermoelectric properties of Cu 4 SnS 4 significantly change around 230 K along with a phase transition between a high temperature phase (HT-phase) and a low temperature phase (LT-phase). Here we particularly focus on a very low thermal conductivity of Cu 4 SnS 4 , which is even lower in HT-phase. The crystal structures of Cu 4 SnS 4 are analyzed using synchrotron radiation. HT-phase is determined to be orthorhombic structure with the space group Pnma, as previously reported; however, the results of Rietveld refinement of HT-phase suggest that there are some Cu sites around saddle points of the double well potential. Phonon dispersion calculated by first-principles calculations indeed exhibits soft phonon modes of the Cu sites, consistent with the Rietveld analysis. The detailed analysis leads to a conclusion that the lower thermal conductivity in HT-phase results from an additional phonon scattering resonated with an anharmonic Cu vibration in the double well potential.
Introduction
Tellurides such as Bi 2 Te 3 have been mainly studied for thermoelectric materials. However, some new compound groups have been reported as promising thermoelectric materials. 16) One of the recent interests in thermoelectrics is about chalcogenide group; SnSe, Cu 2¹x S, and Cu 12 Sb 4¹x Ni x S 13 .
713) The common feature is the extremely low thermal conductivity less than 1 W m ¹1 K ¹1 at 300 K. To explain the low thermal conductivity of the chalcogenide compounds, several mechanisms, such as the liquid-like specific heat capacity, 9) the lone electron pair of Sb atoms, 10) and the anharmonic vibration of trigonal planar Cu-S bonds, 13) were suggested. Among the chalcogenide systems, we focused on Cu 4 SnS 4 since it consists of earth-abundant and non-toxic elements. In addition, it contains both trigonal planar Cu-S bonds and tetrahedral Cu-S bonds, 14) and thus a systematic extension of interest on the Cu chalcogenides.
The phase transition of Cu 4 SnS 4 was reported in 1970s, and the critical temperature and the order were determined. 15, 16) The crystal structure of HT-phase was determined by X-ray diffraction analysis for a single crystal to be Pnma with lattice constants of a = 1.3558(3) nm, b = 0.7681(1) nm and c = 0.6142(1) nm. 16) Thermoelectric properties for bulk Cu 4 SnS 4 were reported to be ZT = 0.15 at room temperature with a very low thermal conductivity of 0.3 W m ¹1 K ¹1 , similar to the other Cu chalcogenides. 17, 18) The ZT may be improved by carrier doping.
1921) Recently thin films of Cu 4 SnS 4 were prepared as potential materials for solar cells.
2224)
A theoretical study based on first-principles calculations showed the density of states. 14) Nevertheless the crystal structure of LT-phase has not yet been confirmed experimentally. In addition, an influence of the structural change by the phase transition on the thermal properties has not been understood.
In this paper, single-phase sintered compacts of Cu 4 SnS 4 were synthesized and investigated. We determined the crystal structures of HT-phase and LT-phase using synchrotron radiation and evaluated the thermoelectric properties. We also calculated phonon dispersions of the both phases in relation to the thermal conductivity and phase stability. The lattice thermal conductivity ¬ lattice is expressed as ¬ lattice = (1/3) Cv s l, where C is the specific heat capacity, v s is the speed of sound and l is the mean-free path of phonon-phonon scattering. We measured the specific heat capacity at constant pressure C P experimentally while v s was estimated from first-principles calculations of elastic constants. We discuss behavior of the thermal conductivity in Cu 4 SnS 4 , in particular, focusing on an effect of Cu-atom displacement for the phase transition.
Experimental Procedures

Synthesis and physical properties measurement
We mixed Copper, Tin and Sulfur grains of higher purity over 99.9% with the stoichiometric ratio of Cu 4 SnS 4 , and sealed in a vacuum quartz ampoule. The elements were slowly heated up to 1173 K, kept for 24 h, and then cooled in the furnace. After being powdered roughly, pressed into a pellet, and sealed in a vacuum quartz ampoule again, it was heated at 1023 K for 48 h to be in the single phase. To obtain a sintered compact, the sample was ground into powder and sintered using the spark plasma sintering method at 973 K under 20 MPa.
Crystal structures and microstructures were evaluated by X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM) images. Atomic compositions were analyzed by energy dispersion x-ray spectroscopy (EDX) and inductively coupled plasma (ICP) method. Electrical conductivity, thermal conductivity, Seebeck coefficient and specific heat at constant pressure were measured up to 300 K by physical property measurement system (PPMS; Quantum Design Inc., U.S.A.).
Crystal structure refinement
We prepared powder samples by grinding the sintered compacts in ethanol using an ultrasonic bath. After the powder was dried, the roughness of the powder and the phase purity were checked by measuring rocking curve and ª-2ª spectra using XRD. Then the samples were put into borosilicate glass capillaries and sealed by epoxy plastic. The XRD spectra for Rietveld structure refinement were measured at the beam line BL5S2 at Aichi Synchrotron Radiation Center. The data were collected using a DebyeScherrer camera with an imaging plate detector up to 75 degree. The wavelength of the incident x-ray was set for 0.8 angstrom to avoid the absorption from Sn atoms. The actual value was determined as 0.773603 angstrom by calibration with the NIST CeO 2 standard sample. The XRD measurement was performed at 143 K and 300 K corresponding to LT-phase and HT-phase, respectively. 13) Crystal structures were refined by Rietveld method using Rietan-FP package. 25) About HT-phase, we started from the structure written in Ref. 14) . After optimization, however, we found the fit was not enough so we considered some variations of structure model regarding Cu sites. For LTphase, the XRD pattern was fit by assuming the crystal structure of Cu 4 GeS 4 at room temperature as an initial structure, whose crystal symmetry is P2 1 /c. 14) We fixed occupancy of each atomic site in LT-phase to that of corresponding atomic site of HT-phase.
Calculation Methods
Electronic structure calculations in this study were performed by the projector augmented wave method as implemented in the Vienna ab initio simulation package (VASP).
2629) The generalized gradient approximation implemented by Perdew, Burke and Ernzerhof (PBE) was employed for the exchange-correlation energy and potential. 30, 31) A cutoff energy of 400 eV was used for wave functions. Occupancy of each electronic state was calculated using the Gaussian smearing with a smearing width of 0.05 eV. The integration in the reciprocal space was performed using a kpoint mesh with a space of 0.25/Angstrom. The experimentally refined lattice parameters and atomic positions were used as an initial structure to obtain theoretically optimized structure; atomic positions and unit-cell vectors were relaxed until all the atomic forces and the stress tensors were less than 0.001 eV/Angstrom and 0.1 GPa, respectively. Elastic constants were estimated from the stress tensors appearing when strain of «0.25% and «0.5% is added to the optimized structure. Phonon dispersions were calculated by the direct method. A supercell of 1 © 1 © 2 unit cell containing 72 atoms was used for HT-phase while an original 72-atom unit cell was used for LT-phase. Specific heat capacity at constant volume C V for LT-phase was evaluated from the calculated phonon density of states.
Result and Discussion
Characterization and physical properties
The sintered samples were single phase of Cu 4 SnS 4 without any noticeable secondary phases, as confirmed by XRD and SEM. The atomic composition determined by ICP was Cu 3.90 Sn 1.00 S 3.94 . This indicates that the samples contained Cu and S lower than stoichiometric Cu 4 SnS 4 . Result of the specific heat capacity C P measurement illustrated in Fig. 1 shows a peak at the phase transition temperature (T c = 232 K). 17) Measured thermoelectric properties are shown in Fig. 2 . Along with the phase transition from LT-phase to HT-phase, the Seebeck coefficient and the electrical conductivity increased rapidly. At the critical temperature, the thermal conductivity was decreased by 20% from 0.41 W m ¹1 K ¹1 in LT-phase to 0.34 W m ¹1 K ¹1 in HT-phase. Note that this is not the usual case in thermoelectrics where the electrical conductivity and the thermal conductivity behave similar with respect to temperature. The electrical conductivity was less than 2 S/cm in the measured temperature range, therefore the carrier thermal conductivity estimated by WiedemannFranz law is less than 0.015 W m ¹1 K ¹1 . It means that the lattice thermal conductivity dominates the total thermal conductivity. These results suggest the change of phonon scattering mechanism between LT-phase and HT-phase.
Determination of crystal structure
The result of Rietveld refinement for LT-phase was shown in Fig. 3 . Small reliability indices and goodness-of-fit, R wp = 2.930%, R e = 2.914% and S = 1.00, indicate that the optimized structure model using monoclinic P2 1 /c is well consistent with the XRD pattern for LT-phase. The obtained lattice parameters and atomic positions are shown in Table 1 .
Regarding HT-phase, the structure refinement assuming the structure model given in Ref. 14) resulted in a large displacement parameter B for Cu3 site as the isotropic model in Table 2 . Therefore we introduced the other two different models for Cu3 site: namely, anisotropic and split site models. In the anisotropic model, we assumed anisotropic displacement parameters for Cu3 site, as proposed in the previous work for single crystal structure refinement. 16) On the other hand, in the split site model, the Cu3 is assumed to be split into two equivalent sites with respect to the mirror plane including y = 0.25. Table 2 shows the results of refinement for these three models. The large B in the isotropic model as well as the large ¢ 22 in the anisotropic model show that Cu3 do not isotropically vibrate but rather vibrate along b-axis. Among the three models, we obtained the best goodness-of-fit for the split site model, where the displacement parameter B was well converged. This means that the Cu3 sites are located in two harmonic potentials with an equal probability. Results of Rietveld refinement for HTphase fitted by the split site model is shown in Fig. 4 and the optimized lattice parameters and atomic positions are listed in Table 3 .
Calculation results
The optimized structures of HT-phase (isotropic model) and LT-phase by first-principles calculation agreed within 2.0% in each lattice constant and 3.0% in volume of unit cells from the experimental values as listed in Table 1 and Table 3 . Figures 5 and 6 show phonon dispersions of LT-phase and HT-phase. A lot of branches of optical mode in Fig. 5 reflect the complex structure of LT-phase. Optical branches laid in low frequency area consist of Cu-Sn resonance vibration modes. They compress the acoustic phonon branches within a lower frequency region, thus resulting in a low speed of sound. About HT-phase, as can be seen in Fig. 6 , soft modes laid along all high symmetry points in the irreducible Brillouin zone. It means that theoretically optimized HTphase structure is not dynamically stable at T = 0 K. To confirm an origin of the soft modes, we checked the phonon density of states and turned out that all soft modes are related mainly to Cu3 site of HT-phase as illustrated in Fig. 7 . And the eigenvectors of the soft modes are parallel to the b-axis in real space. This means that the potential around Cu3 site in HT-phase is double well structure along b-axis, consistent with the experimental results, and that the Cu atoms in Cu3 site at an elevated temperature vibrate anharmonically between the split sites. These anharmonic vibration modes at Cu3 should play as effective phonon scattering centers, similar to the rattling modes in skutterudites. 32) The other possible origins of the lower thermal conductivity in HT-phase are specific heat capacity and the speed of sound. As already shown in Fig. 1 , measured specific heat capacity does not show significant reduction in the HT-phase although a peak corresponding to the structure phase transition appears. Therefore, we consider that specific heat capacity is not an origin of the lower thermal conductivity in HT-phase. In Fig. 1 , C V calculated from the phonon density of states for LT-phase is also shown. The calculated C V is transformed to C P by using calculated lattice constants, resulting in good agreement with experimental C P . This shows accuracy of the calculated phonon density of states.
To investigate the effect of the speed of sound on the thermal conductivity, we calculated elastic constants of LTand HT-phases, from which the mean values of the speed of sound are estimated to be 2343 m/s for LT-phase and 2525 m/s for HT-phase. Note that because the contribution of the soft modes to the total energy, if any, is small, the elastic constants and the evaluated mean values of the speed of sound are rather reliable. These speeds of sound are relatively small compared to the other thermoelectric such as TiNiSn (3630 m/s) 33) and LaFe 4 Sb 12 (2843 m/s), 34) legitimating the low thermal conductivity in Cu 4 SnS 4 . Since the mean value of the speed of sound is larger in HT-phase than that in LT-phase, we conclude that the speed of sound is not an origin of the lower thermal conductivity in HT-phase.
Conclusion
We synthesized sintered samples of Cu 4 SnS 4 , and investigated the crystal structures and the thermoelectric properties in LT-phase and HT-phase. The calculated photon dispersion showed that Cu-Sn resonance vibration modes compress the acoustic phonon branches within a lower frequency region, thus resulting in the low speed of sound and the low thermal conductivity in Cu 4 SnS 4 . The Rietveld refinement suggested that the potential around Cu3 site in HT-phase is double well along b-axis, which is indeed consistent with the firstprinciples calculations. Because the specific heat capacity and the speed of sound of HT-phase are larger than them of LTphase, even lower lattice thermal conductivity in HT-phase than that in LT-phase is due to the shorter phonon mean free path as a consequence of phonon scattering from the anharmonic vibrations of Cu atom in HT-phase. 
